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Abstract Cd2+-induced oxidative stress and its effects on the
expression of stress biomarkers and on macromolecule dam-
age in the skin and blood of common carp were studied. Both
tissues play important roles in the defence mechanisms against
external hazards, serving as an anatomical barrier and as
connecting tissue between the organs. In the skin, the produc-
tion of peroxynitrite anion and hydrogen peroxide was almost
doubled after exposure to 10 mg/L Cd2+. The accumulation of
these oxidant molecules suggests an intensive production of
superoxide anion and nitrogen monoxide and the develop-
ment of oxidative and/or nitrosative stress. Although the
metallothioneins and the components of the glutathione redox
systemwere activated in the skin, the accumulation of reactive
intermediates led to the enhanced damage of lipid molecules
after 24 h of metal exposure. In the blood, the basal levels of
metallothionein messenger RNAs (mRNAs) were 2–2.5-fold
of that measured in the skin. This high level of metallothionein
expression could be the reason that the blood was less affected
by an acute Cd2+ challenge and the metallothionein and glu-
tathione systems were not activated.
Keywords Antioxidant . Cadmium . Erythrocyte .
Nitrosative stress . Peroxynitrite . Skin
Introduction
Aquatic organisms are at high risk of exposure to a variety of
pollutants that may enter the aquatic environment from
agricultural and industrial sources. Such pollutants may not
undergo biodegradation and therefore accumulate in fish,
oysters, mussels, sediments and other components of the
aquatic ecosystems (Abdullah et al. 2007). Fish in particular
are subject to environmental stressors, because of their per-
manent exposure to dissolved substances through their gills
and skin, and to the incorporation of harmful substances via
their food (Mzimela et al. 2003).
Cadmium (Cd2+) is a widely distributed metal that enters
the aquatic environment from natural and anthropogenic
sources (Satarug et al. 2003). Cd2+ is recognized as one of
the most deleterious heavy metal pollutants (Hallenbeck
1984): It has been classified as a group 1 human carcinogen
(Waalkes et al. 1992) and causes a variety of adverse health
effects, such as cardiotoxicity (Limaye and Shaikh 1999),
hepatotoxicity (Tzirogiannis et al. 2003) or neuropathy
(Antonio et al. 1999). Exposure to Cd2+ can result in the delay
of ontogenetic development, low hatchability, a high level of
morphological abnormalities (Jezierska et al. 2009), reduc-
tions in survival and growth (Hansen et al. 2002), disturbances
in osmotic and ion regulation, and altered activities of en-
zymes and cell injuries (Heath 1995) in aquatic animals.
Moreover, Cd2+ inhibits the mitochondrial electron transfer
chain and leads to a mitochondrial dysfunction (Wang et al.
2004). The disturbed redox balance gives rise to the enhanced
formation of reactive oxygen and nitrogen species (ROS and
RNS), such as the superoxide anion (O2
·−), the hydroxyl
radical (·OH), hydrogen peroxide (H2O2) and the
peroxynitrite anion (ONOO−) (Han et al. 2007).
The rapid elimination of excessive reactive species is es-
sential for the organism to survive. To protect themselves
against oxidative stress, aerobic organisms have evolved com-
plex antioxidant defence systems. A number of antioxidant
defence enzymes, including superoxide dismutase (SOD),
catalase (CAT), glutathione reductase (GR) and glutathione
peroxidase (GPx), have been identified in most organisms,
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among them are teleosts (Basha and Rani 2003; Cunha Bastos
et al. 2007). SOD catalyses the conversion of O2
·− to H2O2
and O2 (Fridovich 1989), and CAT takes part in the elimina-
tion of H2O2 (Lü et al. 2010). The classical GPx1 and the
phospholipid hydroperoxide GPx4, together with reduced
glutathione (GSH) and some other thiols, also take part in
the reduction of H2O2 (Maiorino et al. 1998; Imai and
Nakagawa 2003). The GSH redox system and the
metallothioneins (MTs) are the two major lines of metal
detoxification. GSH itself plays a critical role, as an antioxi-
dant, enzyme cofactor and major redox buffer (Dringen et al.
2000). γ-Glutamylcysteine synthetase and glutathione syn-
thase (GSS) catalyse steps of the GSH synthetic pathway
(Rahman et al. 1996), while oxidized GSH, i.e. glutathione
disulfide (GSSG), is recycled into GSH through the action of
GR. The antioxidant role of GSH in cells relies on its concen-
tration, rate of turnover and rate of synthesis (Potter and Tran
1993). Cd2+ also causes alterations in the turnover of GSH
(Wang and Ballatori 1998).
MTs are low molecular mass, cysteine-rich intracellular
proteins that bind metal ions with high affinity. MTs are also
involved in the detoxification of certain heavy metals and in
the scavenging of free radicals (Karin and Herschman 1980;
Kito et al. 1984). The induction of MT genes has been evi-
denced in response to stress situations such as oxidative stress
(Andrews 2000) and hypoxia (Murphy et al. 1999).
To date, we have identified and characterized a large num-
ber of genes coding for antioxidant molecules, such as heat
shock proteins (hsps) (Ali et al. 2003), mt-1 and mt-2
(Hermesz et al. 2001), gpx4a and gpx4b (Hermesz and
Ferencz 2009), cat, gpx1, gr, and gss (Dugmonits et al.
2013), and ho-1 and ho-2 (Jancso and Hermesz 2014) in one
of the most important cultured fish species, the common carp
(Cyprinus carpio). Our previous studies focused on the liver
and kidney, the organs most involved in the processing and
excretion of toxic agents. Little is known, however, as con-
cerns the antioxidant defence in tissues with no apparent
immediate role in detoxification, e.g. the skin and the blood.
In this paper, we report on transcriptional changes in the
expression of the mt-1 and mt-2, gpx4a and gpx4b, gpx1, cat,
gr and gss genes in the skin and erythrocytes of common carp
after 24- and 48-h Cd2+ exposure, from the aspects of the
accumulation of ONOO− and H2O2. We also measured the
activities of SOD and CAT and the levels of GSH and GSSG
and followed the molecular damage in lipid molecules.
Materials and methods
Animals and treatments
Common carp (Cyprinus carpio L. 1758) weighing 800–
1000 g, obtained from the Tisza Fish Farm, Szeged, were
acclimatized in well-aerated 400-L water tanks at 16 °C.
Water was kept oxygen-saturated by aeration and was
changed twice a week. Fish were transferred into 100-L
water tanks (two fish per tank) at the end of acclimati-
zation period. For metal treatment, the carp were ex-
posed to 10 mg/L Cd2+ (Cd(CH3COO)2×2H2O, Fluka)
for up to 48 h, under static conditions. Cd2+ at this
concentration is not lethal to common carp at least for 21 days.
Three to five Cd2+-treated and six control animals were
sacrificed at each time point (0, 24, 48 h) for tissue
harvesting. Tissues were frozen immediately in liquid
nitrogen and stored at −80 °C. Experiments were con-
ducted in accordance with national and institutional guidelines
for animal welfare.
In the preparation of red blood cells, approximately 1.0 mL
of blood sample was taken from the caudal vein of each fish.
Blood coagulation was inhibited by EDTA (K3 EDTA,
Greiner Bio-One International AG). The blood samples
were centrifuged at 2200×g for 10 min at 4 °C, and the
plasma and the buffy coat were removed. Red blood cells
were washed three times with two volumes ice-cold sodium
chloride solution (0.62 %). The samples were kept at −80 °C
until processing.
RNA extraction, reverse transcription and PCR amplification
Approximately 100mg of frozen tissues were homogenized in
RNA Bee reagent (Tel-Test, Inc.), and total RNA was
prepared according to the procedure suggested by the
manufacturer. Total RNA was routinely treated with 100 U
RNAse-free DNAseI (Thermo Scientific) to avoid any DNA
contamination.
For the quantification of mt-1 and mt-2, gpx4a and gpx4b,
cat, gpx1, gr and gss messenger RNAs (mRNAs), reverse
transcription followed by PCR amplifications (RT-PCRs)
was performed. First-strand cDNAs were synthesized by
using total RNA as template, prepared either from the skin
and the erythrocytes of untreated and Cd2+-exposed animals
using 5 μg total RNA, 200 pmol of each dNTP (Thermo
Scientific), 200 U Maxima H Minus reverse transcriptase
(Thermo Scientific) and 500 pmol random hexamer primers
(Sigma) in a final volume of 20 μL, and incubated for 10 min
at 37 °C, followed by 1 h at 52 °C. One-microlitre reverse
transcription product was added to 25-μL DreamTaq Green
PCR Master Mix 2× (Thermo Scientific). Amplification was
performed in a PTC 200 Peltier Thermal Cycler (MJ
Research) using 23 cycles of 95 °C for 30 s, 55 °C for
30 s and 72 °C for 30 s for the β-actin mRNA, used as
internal reference, and 30 cycles formt-1 andmt-2, gpx4a and
gpx4b, cat, gpx1, gr and gss mRNAs, respectively. The am-
plified products were detected on a 2 % agarose gel.
The relative levels of mRNAs are expressed as ratios
(mRNA/β-actin×10).
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Primers
The following primers were used: gpx1: F: tggcttygagcc-
caaattcca and R: tcaatgtcgctggtgaggaa; cat: F: cgtcatatgaacgg-
atacgg and R: tcagcctgctcaaaggtcat; gr: F: attgctgtgcaaatggctgg
and R: cctgcacgagtggtgttctgga; gss: F: gtccatcggcacattctgaa and
R: ggcatgtatccattacggaa; gpx4a: F: ggaaccaggaacaaattccc and
R: agatcyttctccaccacgcttg; gpx4b: F: gtaaaaccccagtaaactac and
R: cttggatcgtccattggtcc; mt1: F: atggatccttgcgattgcgcca and R:
cgaacaggttcacataggtga; mt2: F: atggatccttgcgattgcgcca and R:
acaagttcacattgctgtag. For the normalization of gpxs, cat, gr gss
and mt mRNAs, the level of carp β-actin mRNAwas used as
internal standard, detected with primer pairs F: caagagaggta-
tcctgacc and R: ccctcgtagatgggcacagt.
Densitometry
Images of the ethidium bromide-stained agarose gels were
digitized with a GDS 7500 Gel Documentation System and
analysed with the GelBase/GelBlot™ Pro Gel Analysis
Software (UVP).
Sample preparation
For the measurement of GSH and H2O2 levels, lipid peroxida-
tion and the activities of antioxidant enzymes, a 1-g skin sample
from each individual fish was homogenized in 4 volumes of ice-
cold physiological saline solution, using a double glass homog-
enizer immersed in an ice-water bath. The homogenate was
centrifuged at 13,000g for 15 min at 4 °C to obtain supernatant.
The RBCs were haemolysed by 1 volume of RBC to 9 volumes
of distilled water. The quantity of protein was determined with
Folin-Ciocalteu reagent, using bovine serum albumin as stan-
dard (Lowry et al. 1951). Spectrophotometric measurements
were carried out with Biomate 5 Double-Beam UV–vis
(Thermo Spectronic) and GENESYS 10S UV–vis (Thermo
Scientific) spectrophotometers.
GSH measurement
The GSH content was determined by the method of Sedlak
and Lindsay at 412 nm by using Ellman’s reagent (5,5-dithio-
bis-nitrobenzoic acid). Proteins were precipitated with trichlo-
roacetic acid (TCA) 0.05 g/mL and were then centrifuged at
12,000×g for 10 min. The reaction mixture contained 500 μL
of Tris buffer (0.4 M, pH 8.9), 300 μL of supernatant and
30 μL of DTNB. The blank sample was distilled water
(Sedlak and Lindsay 1968; Tietze 1969).
Lipid peroxidation estimation assay
In biochemical evaluations of metal toxicity, the level of thio-
barbituric acid-reactive substances (TBARS) is regarded as an
appropriate indicator of the extent of lipid peroxidation (LPO)
(Nogueira et al. 2003). LPO was estimated by a TBARS assay
at 532 nm against a blank that contained the thiobarbituric acid
(TBA) reagent (0.15 g/mL TCA, 3.75×10−3 g/mL TBA and
0.25 M HCl) as described by Serbinova et al. (1992).
Determination of H2O2 level
For the assay of H2O2, 0.05 mg/mL horseradish peroxidase and
0.1 mg/mL o-dianisidine in sodium phosphate buffer (100mM,
pH 6.5) were used. The H2O2 concentration was determined
spectrophotometrically at 400 nm and was calculated as
nanomoles per milligram protein (Villegas and Gilliland 1998).
Determination of ONOO− level
ONOO− was assayed by diluting samples into 1.0 M NaOH
(60:1) and measuring the increase in absorbance at 302 nm.
As a control, samples were added to 100 mM potassium
phosphate (pH 7.4) (60:1). The decrease in absorbance was
measured at neutral pH as ONOO− decomposes (Huie and
Padmaja 1993; Beckman et al. 1996).
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Fig. 1 Transcriptional study of
basal gene expression in the skin,
red blood cells and liver. For
normalization of the amount of
mRNAs, the level of β-actin
mRNAwas used as internal
standard in the PCR reaction.
Significant differences compared
to the values measured in the skin
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Enzyme activity measurements
CAT (EC 1.11.1.6) activity was determined spectrophotometri-
cally at 240 nm by the method of Beers and Sizer
(1953), and specific CAT activity was expressed in
Bergmeyer units (BU) per milligram protein (1 BU=decom-
position of 1 g H2O2/min at 25 °C).
SOD (EC 1.15.1.1) activity was determined on the basis of
the inhibition of the epinephrine–adrenochrome autoxidation
(Misra and Fridovich 1972). Spectrophotometric measure-
ment was carried out at 480 nm. The result was expressed in
units per milligram protein.
Statistical analysis
For each time point of the experiments, three to six fish were
used. RT-PCR reactions were performed in triplicate to in-
crease the reliability of the measurements. Statistical differ-
ences were calculated with one-way analysis of variance
(ANOVA) (MedCalc Statistical Software version 9.4.2.0,
Broekstraat, Belgium) with a Student–Newman–Keuls
follow-up test. Significant difference was accepted at
P<0.05.
Results
Basal gene expression
The basal expression levels of the selected genes were mea-
sured in the skin and red blood cells, along with the liver, the
organ with a high detoxification potential. The expressions of
gpx1, cat, gss, gr andmt-2were found to be comparable in the
skin and liver. The levels of gpx1, gr and mt-1 mRNAs
in the red blood cells proved to be 2–2.5-fold higher
than in the skin or liver tissues. The expressions of gpx4a
and mt-1 predominate in the liver. The ratio of mt mRNAs
(mt-1/mt-2) was 3:2 in the skin and about 1:8 in the erythro-
cytes (Fig. 1).
Cd2+-induced alterations in gene expression
Cd2+ at 10 mg/L transiently upregulated the expressions of
cat, gr, gpx4a and mts in the skin. In the case of gpx4a, the
increase was about 1.5-fold, while mt-2 and mt-1 were in-
duced 5- and 3-fold, respectively (Fig. 2). The gr expression
was around the threshold of detectability in the untreated
animals but was highly induced after the 24-h exposure,
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
1 2 3 4 5 6 7
F
o
ld
 o
f 
in
d
u
ct
io
n
gpx1            cat gss gr              gpx4b          mt-2             mt-1
24h
48h
a
a
b
a
a
b
a
F
o
ld
 o
f 
in
d
u
ct
io
n
Fig. 3 The expressions of
antioxidant genes in the red blood
cells following treatment with
10 mg/L Cd2+. A significant
difference between the control
level (C) and that at a given time
point (a) and a significant
difference between the two
examination time points (b).
All data are means±S.D. of the
results of measurements on three
to six fish at each time point
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
. . . . .
F
o
ld
 o
f 
in
d
u
ct
io
n
A 24h
48h
B
a
a
a
b b
a
a
b
gpx1             cat gss gpx4a         gpx4b
F
o
ld
 o
f 
in
d
u
ct
io
n
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
mt-2 mt-1
F
o
ld
 o
f 
in
d
u
ct
io
n
Fig. 2 The expressions of the
gpx1, cat, gss, gpx4a and gpx4b
(a), and mt-1 and mt-2 (b) genes,
in the skin following treatment
with 10 mg/L Cd2+. A significant
difference between the control
level (C) and that at a given time
point (a) and a significant
difference between the two
examination time points (b). All
data are means±S.D. of the
results of measurements on three
to six fish at each time point
Environ Sci Pollut Res
whereas after 48 h of Cd2+ exposure, the level of gr was
around the control value (data not shown).
In the red blood cells, Cd2+ transiently decreased the expres-
sions of gpx1, gss, gpx4b and mt-2 after 24 h of treatment and
had no effects on the expressions of cat, gr andmt-1. However,
following 48 h of Cd2+ exposure, the levels of gpx1, gss and
mt-2 mRNAs had returned to the control values (Fig. 3).
Cd2+-induced alterations in the generation
of ONOO− and H2O2, the activities of antioxidant enzymes,
and the levels of GSH and lipid peroxidation (LPO)
In the skin, an increased level of free radical production was
measured, with significant elevations in ONOO− and H2O2
content (∼1.5–2-fold). SOD in cooperation with CAT cataly-
ses the conversion of O2
·− to H2O. The activity of CAT was
increased (∼2.5–3-fold), while there was no substantial
change in the activity of SOD.
In the erythrocytes, there was no appreciable change in
ONOO− content, and the level of H2O2 was only slightly
elevated. The activities of SOD and CAT increased ∼1.5-fold
on Cd2+ exposure.
The antioxidant role of GSH in cells relies on its concen-
tration. In the skin, the levels of GSH and GSSG were found
to be equally increased, and as a consequence, the ratio GSH/
GSSG did not change. In the red blood cells, the Cd2+ treat-
ment was followed by a pronounced depletion of the GSSG
level (70 %), which resulted in a notable rise in the ratio GSH/
GSSG (∼2.5-fold).
The induced damage of the lipid molecules was followed
via the LPO. The level of thiobarbituric acid reactive sub-
stances (TBARS) is regarded as an appropriate indicator of the
extent of LPO (Nogueira et al. 2003). In the erythrocytes, no
damage was detected during Cd2+ exposure. In the skin, the
level of TBARS underwent a gradual increase: At highest, a
4.5-fold elevation was measured (Table 1).
Discussion
The aims of this study were to determine the activation of the
antioxidant defence system and to investigate the degree of
macromolecular damage, together with free radical production
in the skin and red blood cells of common carp exposed to
10 mg/L Cd2+ (Fig. 4). It is well known that heavy metals and
other pollutants that accumulate in the environment can be
hazardous for ecosystems, acting on specific enzymes, pro-
teins and genes. Aquatic organisms absorb Cd2+ directly from
water (AMAP 1998), and it can then exert toxic effects (Goyer
et al. 1989). The stress response induced by Cd2+ exposure is
associated with MTs, because of their high metal-binding and
free radical-scavenging capacities, and with GSH and certain
enzymes involved in the synthesis of GSH. The skin, an Ta
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anatomical and physiological barrier against external hazards,
is a metabolically active tissue. Our molecular studies indicat-
ed that the basal expressions in the skin of selected genes
coding for antioxidant molecules are comparable to those
measured in the liver, the metabolically most active organ.
There are only two exceptions: gpx4s and mt-1. GPx4 can
react with H2O2 and a wide range of lipid hydroperoxides as
substrates, including those derived from cholesterol and cho-
lesterol esters, and it is the only GPx that is able to reduce
phospholipid hydroperoxides (Maiorino et al. 1991). The
expressions of gpx1 and gr are roughly equal with
regard to the measured mRNA levels in the liver. It is
likely that the activities of Gpx1/Gpx4 and GR in the skin are
sufficient to balance the GSH/GSSG redox level under phys-
iological condition.
The present study also addressed the accumulation of free
radicals and antioxidant responses induced by Cd2+. Cd2+
interferes with the antioxidant defence mechanisms, stimu-
lates the production of ROS and enhances the synthesis of
nitric oxide (NO) (Han et al. 2007). The simultaneous gener-
ation of NO and O2
·− in sufficiently high concentrations in the
same compartment favours the production of the toxic reac-
tion product ONOO− (Radi et al. 2001). Although ONOO−
itself is not a free radical, it is a powerful oxidant, whose
toxicity is manifested among others in LPO (Radi et al. 2001).
We present evidence here that continuous contact with a high
concentration of Cd2+ induces free radical production in the
skin. The concentrations of ONOO− and H2O2 were almost
doubled even after only 24 h of exposure. The accumulation
of ONOO− suggests the intensive production of NO and the
development of nitrosative stress. The increased level of
ONOO− also serves as indirect evidence of elevated O2
·−
production. The increased ONOO− and O2
·− levels in the skin
were clearly reflected by a 4.5-fold increase in the level of
TBARS. Thus, the induction of NO synthesis and O2
·− pro-
duction may contribute to the cytotoxicity of Cd2+.
It is interesting to mention that the increased H2O2 produc-
tion did not coincide with an elevated activity of SOD. A
major source of H2O2 is the dismutation of O2
·−; besides
spontaneous dismutation, mostly SOD catalyses this reaction.
It is likely that another route than the SOD pathway is acti-
vated for H2O2 production in the skin.
Our data on the efficiency of the defence mechanisms in
response to Cd2+ challenges indicated that both the MT and
GSH pathways are activated in the skin. The mt-1 and mt-2
expressions were highly elevated but only in the first 24 h of
the treatment. These elevated mt values are comparable to
those measured in the liver of the same group of animals,
but the expression induced in the liver persists even at 72 h of
the treatment. The GSH redox cycle was also activated: Both
the de novo GSH synthesis and its oxidation and regeneration
were doubled in the first 24 h of Cd2+ treatment. The induced
GSH metabolism was confirmed by data on the upregulation
of the gr and gpx4a expressions. Similar results were earlier
found in cultured human skin fibroblast cells: mt-1g and
enzymes associated with GSH biosynthesis and homeostasis
(e.g. glutathione S-transferases, gss, gpx, etc.) were upregu-
lated after Cd2+ treatment (Prins et al. 2014).
It is noteworthy that the ratio GSH/GSSG was unchanged
despite the active metabolic changes. This serves as an exam-
ple that the ratio GSH/GSSG cannot be used as a measure of
cellular toxicity (Schafer and Buettner 2001).
The present study also addressed the molecular response in
the red blood cells following acute Cd2+ exposure. In contrast
with most mammals, the red blood cells of lower vertebrates
are nucleated and able to synthesize proteins (Fulladosa et al.
Fig. 4 A schematic illustration of
the responses of the biomarkers in
the skin and the red blood cells
following treatment with
10 mg/L Cd2+ for 24 h. Font sizes
are approximately proportional to
measured levels. Bold fonts
indicate an elevated level and
smaller fonts a decreased level
relative to the respective controls.
The frame with the interrupted
line indicates the nonmeasured
parameter
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2006). The red blood cells are considered to be the major site
for the production of ROS due to their roles in the O2 transport
via haemoglobin and in its O2 utilization. Furthermore, since
toxic chemicals are absorbed by the gills, skin and gut and are
transported to other tissues through the bloodstream, they
come into direct contact with the red blood cells, which in
turn are among the first cells to suffer from toxic effects
(Kunimoto et al. 1985).
Our measurements on red blood cells indicated no signif-
icant changes in the concentrations of ONOO− and H2O2 and
in the level of LPO at 24 h of Cd2+ exposure. This was
probably not a consequence of the induced antioxidant capac-
ity, since the expressions of selected genes coding for antiox-
idant molecules were at approximately the control levels.
However, the high basal expressions of gpx1 and mt-2 genes,
which were 3–4-fold those measured in the liver, suggest a
sufficiently high capacity to cope with Cd2+-induced free
radical production in the first 48 h. This conception is sup-
ported by the elevated SOD and CAT activities with no
significant increase in the H2O2 content.
The present study also demonstrated a significant elevation
of the ratio GSH/GSSG, induced in the red blood cells by
Cd2+ exposure. However, this increased ratio was an outcome
not of increased de novo GSH synthesis but of the
dramatic depletion in GSSG. These results further indicate
that reliance on the ratio GSH/GSSG alone in an attempt to
characterize the oxidative stress status might possibly be
misleading (Schafer and Buettner 2001).
Conclusions
This comparison of the free radical production and antioxidant
responses induced by Cd2+ in the skin and in the red blood
cells has indicated that tissue specificity is involved. Besides
oxidative stress, the cells in the skin have to cope with an
increased level of nitrosative stress, and the induced antioxi-
dant defence system is unable to cope with the Cd2+-generated
toxic effects. In the red blood cells, the acute Cd2+ exposure-
induced free radical production can most likely be handled by
the basal antioxidant capacity.
Conflict of interest The authors declare that there are no conflicts of
interest.
References
Abdullah S, Muhammad J, Arshad J (2007) Studies on acute toxicity of
metals to the fish (Labeorohita). Int J Agric Biol 9:333–337
Ali KS, Dorgai L, Gazdag A, Abraham M, Hermesz E (2003)
Identification and induction of hsp70 gene by heat shock and
cadmium exposure in carp. Acta Biol Hung 54(3–4):323–334
AMAP (1998) Assessment report: arctic pollution issues arctic monitor-
ing and assessment programme. Oslo
Andrews GK (2000) Regulation of metallothionein gene expression by
oxidative stress and metal ions. Biochem Pharmacol 59:95–104
Antonio MT, Corpas I, Leret ML (1999) Neurochemical changes in
newborn rat’s brain after gestational cadmium and lead exposure.
Toxicol Lett 104:1–9
Basha SP, Rani UA (2003) Cadmium-induced antioxidant defense mech-
anism in freshwater teleost Oreochromis mossambicus. Ecotoxicol
Environ Saf 56:218–221
Beckman JS, Wink DA, Crow JP (1996) Nitric oxide and peroxynitrite.
In: Feelisch M, Stamler J (eds) Methods in nitric oxide research.
Wiley, New York, pp 61–70
Beers RF Jr, Sizer IW (1953) Catalase assay with special reference to
manometric methods. Science 117(3052):710–712
Cunha Bastos VLF, Salles JB, Valente RH, León IR, Perales J, Dantas RF,
Albano RM, Bastos FF, Cunha Bastos J (2007) Cytosolic glutathi-
one peroxidase from liver of pacu (Piaractus mesopotamicus), a
hypoxia-tolerant fish of the Pantana. Biochimie 89:1332–1342
Dringen R, Gutterer JM, Hirrlinger J (2000) Glutathione metabolism in
brain metabolic interaction between astrocytes and neurons in the
defense against reactive oxygen species. Eur J Biochem 267(16):
4912–4916
Dugmonits K, Ferencz A, Jancso Z, Juhasz R, Hermesz E (2013) Major
distinctions in the antioxidant responses in liver and kidney of
Cd(2+)-treated common carp (Cyprinus carpio). Comp Biochem
Physiol C Toxicol Pharmacol 158(4):225–230
Fridovich I (1989) Superoxide dismutases. An adaptation to a paramag-
netic gas. J Biol Chem 264:7761–7764
Fulladosa E, Deane E, Ng AH, Woo NY, Murat JC, Villaescusa I (2006)
Stress proteins induced by exposure to sublethal levels of heavy
metals in sea bream (Sparus sarba) blood cells. Toxicol In Vitro 20:
96–100
Goyer RA, Miller CR, Zhu SY, Victery W (1989) Non-metallothionein-
bound cadmium in the pathogenesis of cadmium nephrotoxicity in
the rat. Toxicol Appl Pharmacol 101(2):232–244
Hallenbeck WH (1984) Human health effects of exposure to cadmium.
Experientia 40:136–142
Han XY, Huang QC, Liu BJ, Xu ZR, Wang YZ (2007) Changes of
porcine growth hormone and pituitary nitrogen monoxide produc-
tion as a response to cadmium toxicity. Biol Trace Elem Res 119:
128–136
Hansen JA, Welsh PG, Lipton J, Suedkamp MJ (2002) The effects of
long-term cadmium exposure on the growth and survival of juvenile
bull trout (Salvelinus confluentus). Aquat Toxicol 58:165–174
Heath AG (1995) Water pollution and fish physiology. CRC Press, Boca
Raton
Hermesz E, Ferencz A (2009) Identification of two phospholipid hydro-
peroxide glutathione peroxidase (gpx4) genes in common carp.
Comp Biochem Physiol C Toxicol Pharmacol 150(1):101–106
Hermesz E, AbrahamM, Nemcsok J (2001) Tissue-specific expression of
two metallothionein genes in common carp during cadmium expo-
sure and temperature shock. Comp Biochem Physiol C Toxicol
Pharmacol 128(3):457–465
Huie RE, Padmaja S (1993) The reaction of NO with superoxide. Free
Radic Res Commun 18(4):195–199
Imai H, Nakagawa Y (2003) Biological significance of phospholipid
hydroperoxide glutathione peroxidase (PhGPx, GPx4) in mamma-
lian cells. Free Rad Biol Med 34(2):145–169
Jancso Z, Hermesz E (2014) Impact of acute arsenic and cadmium
exposure on the expression of two haeme oxygenase genes and
other antioxidant markers in common carp (Cyprinus carpio). J
Appl Toxicol [Epub ahead of print]
Jezierska B, Lugowska K,Witeska M (2009) The effects of heavy metals
on embryonic development of fish (a review). Fish Physiol Biochem
35(4):625–640
Environ Sci Pollut Res
Karin M, Herschman HR (1980) Characterization of the metallothioneins
induced in HeLa cells by dexamethasone and zinc. Eur J Biochem
107:395–401
Kito H, Ose Y, Hayashi K, Yonezawa S, Sato T, Ishikawa T, Nagase H
(1984) Some properties of metallothoneins from hepatopancreas
and kidney in carp (Cyprinus carpio). Eisei Kagaku 30:119–125
KunimotoM,Miura T, Kubota K (1985) An apparent acceleration of age-
related changes of rat red blood cells by cadmium. Toxicol Appl
Pharmacol 77:451–457
Limaye DA, Shaikh ZA (1999) Cytotoxicity of cadmium and character-
istics of its transport in cardiomyocytes. Toxicol Appl Pharmacol
154:59–66
Lowry OH, Rosebrough EA, Farr AL, Randall RJ (1951) Protein mea-
surement with Folin phenol reagent. J Biol Chem 193:265–275
Lü JM, Lin PH, Yao Q, Chen C (2010) Chemical and molecular mech-
anisms of antioxidants: experimental approaches and model sys-
tems. J Cell Mol Med 14:840–860
Maiorino M, Thomas JP, Girotti AW, Ursini F (1991) Reactivity of
phospholipid hydroperoxide glutathione peroxidase with membrane
and lipoprotein lipid hydroperoxides. Free Radic Res Commun 12–
13:131–135
MaiorinoM, AumannKD, Brigelius-Flohe R, Doria D, van den Heuvel J,
McCarthy J, Roveri A, Ursini F, Flohe L (1998) Probing the pre-
sumed catalytic triad of a selenium-containing peroxidase by muta-
tional analysis. Z Ernahrungswiss 37:118–121
Misra HP, Fridovich I (1972) The role of superoxide anion in the autox-
idation of epinephrine and a simple assay for superoxide dismutase.
J Biol Chem 247(10):3170–3175
Murphy BJ, Andrews GK, Bittel D, Discher DJ, McCue J, Green CJ,
Yanovsky M, Giaccia A, Sutherland RM, Laderoute KR, Webster
KA (1999) Activation of metallothionein gene expression by hyp-
oxia involves metal response elements and metal transcription fac-
tor-1. Cancer Res 59:1315–1322
Mzimela HM, Wepener V, Cyrus DP (2003) Seasonal variation of select-
ed metals in sediments, water and tissues of the groovy mullet, Liza
dumerelii (Mugilidae) from the Mhlathuze Estuary, South Africa.
Mar Pollut Bull 46(5):659–664
Nogueira CW, Quinhones EB, Jung EAC, Zeni G, Rocha JBT (2003)
Anti-inflammatory and antinociceptive activity of biphenyl
diselenide. Inflamm Res 52:56–63
Potter DW, Tran TB (1993) Apparent rates of glutathione turnover in rat
tissues. Toxicol Appl Pharmacol 120(2):186–192
Prins JM, Fu L, Guo L, Wang Y (2014) Cd2+-induced alteration of the
global proteome of human skin fibroblast cells. J Proteome Res
13(3):1677–1687
Radi R, Peluffo G, AlvarezMN, Naviliat M, Cayota A (2001) Unraveling
peroxynitrite formation in biological systems. Free Rad Biol Med
30(5):463–488
Rahman I, Bel A, Mulier B, LawsonMF, Harrison DJ, Macnee W, Smith
CA (1996) Transcriptional regulation of gamma-glutamylcysteine
synthetase-heavy subunit by oxidants in human alveolar epithelial
cells. Biochem Biophys Res Commun 229(3):832–837
Satarug S, Baker JR, Urbenjapol S, Haswell-Elkins M, Reilly PE,
Williams DJ, Moore MR (2003) A global perspective on cadmium
pollution and toxicity in non-occupationally exposed population.
Toxicol Lett 137:65–83
Schafer FQ, Buettner GR (2001) Redox environment of the cell as
viewed through the redox state of the glutathione disulfide/
glutathione couple. Free Radic Biol Med 30:1191–1212
Sedlak J, Lindsay RH (1968) Estimation of total protein-bound and
nonprotein sulfhydryl groups in tissue with Ellman’s reagent. Anal
Biochem 25(1):192–205
Serbinova E, Khwaja S, Reznick AZ, Packer L (1992) Thioctic acid
protects against ischemia-reperfusion injury in the isolated perfused
Langendorff heart. Free Radic Res 17:49–58
Tietze F (1969) Enzymic method for quantitative determination of
nanogram amounts of total and oxidized glutathione. Applications
to mammalian blood and other tissues. Anal Biochem 27:
502–522
Tzirogiannis KN, Panoutsopoulos GI, Demonakou MD, Hereti RI,
Alexandropoulou KN, Basayannis AC, Mykoniatis MG (2003)
Time-course of cadmium-induced acute hepatotoxicity in the rat
liver: the role of apoptosis. Arch Toxicol 77:694–701
Villegas E, Gilliland SE (1998) Hydrogen peroxide production by
Lactobacillus delbrueckii Subsp. Lactis I at 5 °C. J Food Sci 63:
1070–1074
Waalkes MP, Rehm S, Perantoni AO, Coogan TP (1992) Cadmium
exposure in rats and tumours of the prostate. IARC Sci Publ 118:
391–400
Wang W, Ballatori N (1998) Endogenous glutathione conjugates: occur-
rence and biological functions. Pharmacol Rev 50:335–356
Wang Y, Fang J, Leonard SS, Rao KM (2004) Cadmium inhibits the
electron transfer chain and induces reactive oxygen species. Free
Radic Biol Med 36(11):1434–1443
Environ Sci Pollut Res
